The composition of body tissues may change due to disease, diet, physical activity, or simply because of the ageing process. Changes may be large, as in the fatty infiltration of certain organs such as the heart or liver. Conversely, the composition of cortical bone is essentially constant throughout adult life. This section will discuss some of these variations for pediatric and adult body tissues of importance in radiation dosimetry and will highlight those body tissues selected for inclusion in the Report.
The following conventions have been adopted in this Report. A fetus is aged between 8 and 40 weeks from conception. Composition data for fetal tissues covering the age interval 14 weeks gestation to birth, are included. Any reference to a newborn baby refers to a 40 week (full-term) fetus. A baby that has not attained the age of one year is called an infant. The infant then becomes a child. An adult is age 18 years or over.
Age Dependence
The changes in the composition of the human body are particularly apparent in the developing fetus. The early fetus (15 weeks gestation) has a high water content, exceeding 90%, by mass. As the fetus develops, the water content decreases and both protein and lipid contents increase. After birth, these changes continue in many tissues until the associate organs mature. For example, in muscle (skeletal), the water content in the fetal tissue falls from approximately 90% to 80%, by mass, during the last 25 weeks of gestation, while the lipid and protein contents increase from approximately 1 % to 2% and 8% to 13%, by mass, respectively. In adult muscle (skeletal), the water content has fallen to approximately 74%, by mass, while the lipid and protein contents have risen to approximately 4% and 20%, by mass, respectively.
Typical changes in the water, lipid, protein and mineral contents of body tissues from fetus to adult are illustrated in Figure 2 .1 for cortical bone, muscle (skeletal) and adipose tissue. Rapid variations in the components of soft tissues occur in the first six months oflife, after which more gradual changes take place. Both soft tissues and skeletal tissues exhibit reductions in water content with increasing age. The mineral content of cortical bone increases steadily until adulthood, being approximately 50%, by mass, at birth and 54%, by mass, at 15 years. From 20 years to 90 years of age, the mineral content stays constant at approximately 58%, by mass. A decrease in the proportion of osseous tissue in whole bones occurs in late adult life.
2.2 Abnormalities
Composition data on abnormalities are important for two main reasons. Firstly, the presence of body tissues with elemental compositions and mass densities significantly different from accepted, normal values may affect both calculated and measured absorbed-dose distributions. Suitable compositions allow corrections to be applied and more appropriate phantoms and computational models to be used. Secondly, data on the composition of tumors, calculi and other abnormalities are essential in the fabrication of realistic imaging phantoms.
The composition of body tissues may vary among healthy individuals due to such factors as undernutrition, overnutrition and physical activity. Compositions may also vary because of the influence of diseases that cause degeneration and infiltration of tissues.
The presence and absence of lipid plays a large part in the variabilities of soft tissues between individuals. Adipose tissue, which is under the skin and around internal organs, is the most variable tissue in the body. The lipid content of adipose tissue increases with increasing obesity (Clarys & Martin, 1985) . These tissues, in lean, normal and obese subjects, have mean lipid contents of < 70%, approximately 74% and > 80%, by mass, respectively.
Certain diseases may cause significant changes in body tissue composition by modifying the relative proportions of water, lipid and protein. Increases in lipid contents and reductions in water contents can occur in the heart, liver and, to a lesser extent, muscle (skeletal). For example, cirrhosis of the liver due to chronic alcoholism may cause the lipid content of the liver to increase from approximately 5% to 19%, by mass, with water content decreasing from approximately 75% to 64%, by mass (Dju et al., 1958) .
Changes in water content can produce significant changes in composition and mass density, such as in the congested lung. Increased protein content occurs in fibrotic tissue, with an associated increase in mass density.
High and low attenuation calculi, such as breast calcifications, gallstones and urinary (renal) stones, may be produced in specific body organs. These calculi may contain a wide variety of minerals, including hydroxyapatite, calcium oxalate, uric acid and cholesterol (Sutor and Tarling, 1988) . Physical dimensions and geometry may also vary considerably. More details of the composition of abnormalities can be found in the review of Widdowson and Dickerson (1964) . (Gellhorn and Benjamin, 1965) is included. The formulations are those quoted in ICRU Reports 33 (ICRU, 1980) ("ICRU-33 tissue") and 44 (ICRU, 1989) ("ICRU-44 tissue"). Assumes typical mixtures of blood erythrocytes and blood plasma Hydroxyapatite Ca 10 (P0 4 ls(OH) 2 The whole adult brain is assumed to be: Grey matter (50.0), white matter (50.0), % by mass. The composition of the adult brain (whole) may also be used for the child (3 to 18 years).
(i) Calcificationsb. (Hassler, 1969; White, et al., 1990) The following composition is used: Hydroxyapatite (48.5), tri-calcium phosphate (48.5), protein (3.0), % by mass. (ii) Healthy tissue. Three compositions (#1, #2, #3) are given for the apparently variable mammary gland. These illustrate the spread in the published results around the mean composition (#2). (i) Healthy tissue. Data are for heart muscle.
(ii) Fatty heart. The composition of adult heart muscle with moderate fatty-infiltration is included (Forbes, et al., 1956 ) (iii) Heart (blood filled). Adult data only (Woodard and White, 1986) .
Data are for the whole kidney, including the cortex and the medulla. For children from 4 to 18 years, the composition for adult may be used.
The composition of glycerol trioleate (C 57 H 104 0 6 ) is adopted. (i) Healthy tissue. For children from 4 to 18 years, the composition for adult may be used. (ii) Cirrhotic liver. Data appropriate to subjects suffering from alcoholism (Dju et al., 1958) . (iii) Fatty-infiltration (moderate). (Forbes et al., 1956) .
Data are for fetal and adult healthy tissue and for an adult congested lung (Mitchell et al., 1945) . The composition for blood plasma is adopted.
In the age interval infant/ child (6 month to 18 years), the composition of muscle (skeletal) is similar to that for adult, but with lipid content increasing from 2 to 4 percent by mass.
The placenta drained of blood, is considered in two stages of development, namely 17 to 26 weeks and above 26 weeks. (Dickerson, 1962 and 1988) . Estimated compositions are also presented for the adult cranium, humerus, mandible, ribs (2nd, 6th and 10th), sacrum and vertebral column (cervical, C4; dorsal/lumbar, D6, L3). All the data include the osseous tissue and marrow present, but exclude any cartilage (Woodard and White, 1982; White et al., 1987) . Skin assumed to comprise epidermis and dermis. Typical lipid contents are included.
Empty bladder.
Muscle ( , 1988) . Uric acid (48.5); uric acid dihydrate (48.5); protein (3.0), % by mass.
• Age intervals are those given in the sources of data. The principal references used in the compilation of this Table and Table A .1 are given in the text.
b Hassler (1969) reports hydroxyapatite contents varying from 30 to 70%, by mass, in the breast calcifications examined, with the remaining contents mainly tri-calcium phosphate.
' The compositions quoted for carbohydrate, lipid and protein are typical of variable biological substances. Water assumed to be pure.
The Selected Body Tissues
The selected compositions fall broadly into two categories. The first category includes those compositions appropriate to body organs and tissues composed predominantly of one type of tissue [e.g., liver, muscle (skeletal) ]. The second category covers average compositions for body organs composed of several types of tissues (e.g., whole bones with associated osseous tissue, red and yellow marrow) or groups of similar tissues (e.g., soft tissue).
Whenever reliable composition data exist, typical results for the healthy fetus, infant, child and adult are included in this Report. If the composition of a specific body tissue such as adipose tissue and breast (mammary gland) is known to vary significantly, sets of three compositions are presented to illustrate the expected spread in the data. These compositions are derived from the estimated mean values (M) and variability (s) of the components (water, lipid, protein, etc.) present for each age interval and correspond to M -s, Mand M + s (denoted by #1, #2, and #3, respectively) (Woodard & White, 1986) .
Soft tissues may be defined as the body tissues in a human subject other than osseous tissue, teeth, hair and nails. Soft tissues include all the body fluids, muscle-like tissues and fatty tissues (e.g., adipose tissue). Average soft tissue compositions have been quoted extensively in ICRU publications [ICRU Reports 26 (ICRU, 1977 ), 33 (ICRU, 1980 ), 37 (ICRU, 1984b ), 44 (ICRU, 1989 and 45 (ICRU, 1990) ]. The ICRU, in defining operational quantities for radiation protection purposes [ICRU Reports 33 (ICRU, 1980 ), 39 (ICRU, 1985 ], adopted the concept of a 30 cm diameter sphere, composed of an average muscle-like tissue. A four-element composition was used to sim-plify computational processes, based on the elemental composition of striated (skeletal) muscle [ICRU Report lOb (ICRU, 1964)), with modifications in the light of later studies (ICRP, 1975) . In the present Report, this composition is referred to as "ICRU-33 tissue". Average soft tissue compositions for male and female adults, representing homogeneous mixtures of all of the soft tissues in the body (including adipose tissue) are also considered [ICRU Report 44 (ICRU, 1989)) ("ICRU-44 tissue").
Average bone compositions have been reported by Dickerson (1962) , Woodard and White (1982) and White et al. (1987) . A selection of these is included, together with average compositions for the whole breast, whole blood and the urine-filled bladder.
Variations in the composition of a body tissue may be due to such factors as biological ageing, metabolism, dietary habits and state of health [ICRU Report 44 (ICRU, 1989) ). A few abnormal tissues are consid-2.3 The Selected Body Tissues ... 9 ered here, including lipoma, two organs with fatty infiltrations (heart and liver) and a congested lung. Calculi such as breast calcifications, cholesterol gallstones and oxalate and uric acid urinary (renal) stones, for which composition and mass density data are readily available, are also included.
Descriptions of the selected body tissues are given in Table 2 .1. The elemental compositions, mass and electron densities of all the selected body tissues are given in Appendix A. These are based on the data presented in ICRU Report 44 (ICRU, 1989) , ICRP (1975) , Woodard & White (1986) , White et al. (1987 White et al. ( , 1991 and the references quoted in Table 2 .1.
Extensive tabulations of published trace element concentrations found in human tissues and body fluids have been given by Iyengar et al. (1978) , Iyengar and Woittiez (1988) and Iyengar (1989) .
The radiation interaction data for all the selected body tissues are tabulated in Appendix B.
